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ABSTRACT 
AN IN VIVO STUDY OF CORTICAL DYNEIN DYNAMICS AND ITS 
CONTRIBUTION TO MICROTUBULE SLIDING IN THE MIDZONE 
 
MAY 2016 
 
HEATHER JORDAN, B.S., UNIVERSITY OF MASSACHUSETTES AMHERST 
 
M.S., UNIVERSITY OF MASSACHUSETTES AMHERST 
 
Directed by: Patricia Wadsworth 
 
In LLC-Pk1 cells, and most cultured mammalian cells, cell division is highly 
regulated to achieve equal sized daughter cells. During this process, duplicated 
centrosomes separate and establish a bipolar array called the mitotic spindle. The mitotic 
spindle is responsible for aligning the chromosomes at the metaphase plate, and 
separating sister chromatids during anaphase. Spindle positioning and elongation are 
thought to be driven by the interaction between dynamic astral microtubules and cortical 
dynein. Extensive research has revealed that dynein is anchored to the cortex via the 
highly conserved NuMA/LGN/Gαi ternary complex in metaphase and the additional 
PIP/PIP2/NuMA, or 4.1G/R/NuMA, pathways during anaphase. Although substantial 
research has been conducted on the proteins involved with this process, it is unclear 
exactly how a cell is able to generate forces for spindle positioning and elongation. Here, 
I use photoactivation and FRAP techniques to investigate the role of the midzone during 
spindle elongation, and how cortical dynein is able to drive this process. I provide 
evidence that microtubule sliding in the midzone is not precisely coordinated with pole 
separation, however the two actions are interdependent. In addition, I demonstrate that 
cortical dynein dynamics are significantly enhanced during anaphase, most likely due to 
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an increased length and stability of astral microtubules. I hypothesize that this increased 
turnover rate allows for rapid redistribution of dynein throughout the cortex to ensure 
proper spindle elongation. 
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CHAPTER I 
INTRODUCTION 
 Cell division, the process that allows organisms to grow and repair damaged 
tissue, is highly regulated to ensure proper separation of sister chromatids. Before a cell 
enters mitosis, it prepares by replicating DNA and other cellular components that will be 
divided between the two daughter cells. The key structure that is responsible for aligning 
and separating duplicated chromosomes is the microtubule-based mitotic spindle. This 
structure begins to form in early mitosis when spindle poles separate and microtubules 
reorganize into a bipolar array.  
Microtubules are long, stiff polymers of α and β tubulin that are important for 
many cellular functions including maintaining cell structure, transporting cargo, and 
building the mitotic spindle. The three main subgroups of microtubules that compose the 
mitotic spindle are kinetochore, polar, and astral microtubules. Kinetochore microtubules 
are attached to chromosomes at a specialized region, called the kinetochore. These 
microtubules form bundles, or kinetochore fibers (K-fibers), that play essential roles in 
aligning chromosomes at the metaphase plate and separating sister chromatids during 
anaphase. Polar microtubules extend toward the center of the spindle and create a region 
of overlapping antiparallel microtubules. Proteins can bind this overlapping region to add 
stability to the mitotic spindle and generate force during mitosis. Astral microtubules 
extend toward the cell cortex and play a role in positioning the mitotic spindle during 
metaphase and separating the spindle halves during anaphase. 
During mitosis, microtubule dynamics become enhanced to efficiently capture, 
align, and separate chromosomes. Dynamic instability, or the ability of a microtubule to 
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switch between growing and shrinking states, allows for the rapid reorganization of 
microtubules. Due to the polarized nature of microtubules, the plus ends undergo periods 
of fast polymerization while the minus ends, which are focused at spindle poles, grow 
much slower. Although in vitro experiments have demonstrated the highly dynamic 
properties of microtubules (Mitchison and Kirchner, 1994), microtubules behave much 
differently in the controlled environment within a cell. Specifically, microtubule 
associated proteins (MAPs) bind directly to the microtubule lattice and help regulate 
dynamics and ensure proper spindle morphology. MAPs control all aspects of 
microtubule dynamics including, but not limited to, preventing or promoting 
polymerization, stabilizing or severing microtubules, and cross-linking adjacent 
microtubules. 
In addition, microtubules serve as tracks for motor proteins, such as kinesins and 
dynein. These proteins utilize ATP hydrolysis to produce a conformational change that 
enables the protein to walk along the microtubule track and transport cargo around the 
cell. If anchored, a motor protein may also generate force to slide a microtubule. These 
forces are required to build, maintain, position, and elongate the spindle. An imbalance of 
force could result in erroneous errors in spindle architecture and sister chromatid 
separation, possibly leading to cancer. It is therefore essential to investigate motor protein 
generated forces within the spindle to better understand what may drive cell proliferation.  
To understand the mechanisms behind these processes it is important to consider 
all the forces that may be involved with spindle positioning and elongation. In some 
organisms, such as Schizosaccharomyces pombe, spindle elongation is driven 
predominantly by microtubule sliding in the midzone (Tolić-Nørrelykke, 2004). In 
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contrast, many other organisms, including mammalian cells, rely on cortical force 
generators and astral microtubules to drive these processes. Early evidence for the 
cortical pulling model has come from research on asymmetric cell division in 
Caenorhabditis elegans (C. elegans) zygotes. In this system, the posterior centrosome is 
displaced toward the cortex during anaphase while the anterior centrosome remains 
nearly stationary, thereby resulting in a larger anterior cell. Laser ablation experiments 
suggest that cortical force generators, through their interactions with astral microtubules, 
exert a greater net force on the posterior centrosome, causing it to be displaced farther 
than the anterior centrosome. (Grill et al., 2001; Grill et al., 2003). Similarly, evidence 
supports that asymmetric cell division in Drosophila melanogaster (Drosophila) 
neuroblasts is dependent on the distribution of active cortical force generators (Siller and 
Doe, 2008; 2009). 
Unlike C. elegans and Drosophila, most cultured mammalian cells undergo 
symmetric cell division. Despite this major difference, the cortical pulling model is 
evolutionarily conserved among many different organisms. The first evidence for cortical 
pulling forces in mammalian cells arose because of the observation that the extent and 
rate of pole separation drastically increase when antiparallel microtubules in the midzone 
are severed (Kronebusch and Borisy, 1982). Subsequent research revealed that irradiation 
of a single centrosome during anaphase B results in increased separation velocity of the 
other centrosome in the same cell, while the irradiated centrosome remains nearly 
stationary (Aist, 1993). Together, these results suggest that cortical force generators drive 
spindle elongation, and midzone forces generated by MAPs and kinesin motors, such as 
Kif4, act as a brake to slow centrosome separation during anaphase in mammalian cells.  
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Extensive research has uncovered that the cortical force generator responsible for 
spindle pole movement is the minus-end directed microtubule motor, dynein. Although 
the exact mechanism underlying dynein-mediated pulling forces in mammalian cells is 
not completely understood, research has revealed some pathways responsible for cortical 
dynein anchoring. During metaphase the ternary complex, NuMA, LGN, and Gαi (Figure 
1; Mud/Pins/Gαi in Drosophila, and LIN-5, GPR-1/2, Gαi in C. elegans), is essential for 
proper localization of dynein at the cortex (Kiyomitsu and Cheeseman, 2012; Kotak et 
al., 2012; Siller et al., 2006; Bowman et al., 2006; Srinivasin et al., 2003). 
Overexpression or depletion of any of the proteins in this complex results in perturbed 
spindle movement and a misaligned spindle during metaphase (Du and Macara, 2004; 
Kiyomitsu and Cheeseman, 2012; Kotak et al., 2012).  
In anaphase, cortical dynein levels increase significantly to produce ample force 
to separate chromosomes and elongate the spindle (Collins et al., 2012; Kiyomitsu and 
Cheeseman et al., 2013; Kotak et al., 2013; Zheng et al., 2014). LGN and Gαi are 
dispensable for this process (Kiyomitsu and Cheeseman, 2013; Kotak et al., 2014). Two 
additional anaphase-specific pathways have been proposed to contribute to the 
accumulation of cortical dynein during anaphase (Figure 2). The first involves 4.1 
proteins (4.1G/R) anchoring dynein to the plasma membrane through interactions with 
NuMA (Kiyomitsu and Cheeseman, 2013). Codepletion of 4.1 proteins and LGN results 
in asymmetric cell division in HeLa cells due to the absence of spindle position 
correction mechanisms during anaphase (Collins et al., 2012; Kiyomitsu and Cheeseman 
2013). However, it remains controversial whether this result is caused by 4.1G/R 
depletion having indirect consequences on the integrity of the actin cytoskeleton, which 
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had previously been shown to be important for cortical dynein localization (Kotak et al., 
2014, Zheng et al., 2013). Secondly, NuMA and dynein have been reported to directly 
bind the plasma membrane via interactions with the phosphoinositides PIP and PIP2 
(Kotak et al., 2014). Evidence suggests that this pathway is largely responsible for 
cortical dynein accumulation during anaphase (Kotak et al., 2014).   
The enhanced localization of cortical dynein during anaphase is tightly regulated 
by cell cycle-dependent factors. One such regulator, CDK1, competes with PPP2CA to 
negatively regulate cortical dynein accumulation during metaphase (Kotak et al., 2013; 
Kiyomitsu and Cheeseman, 2013; Zheng et al., 2014). CDK1 activity decreases at 
anaphase onset due to the rapid degradation of cyclin B (King et al, 1996). This results in 
an unphosphorylated pool of NuMA that is targeted to the cortex, therefore contributing 
to the accumulation of cortical dynein during anaphase (Kotak et al., 2013; Zheng et al., 
2014).  
During this study, I aimed to understand how cortical pulling forces affect spindle 
elongation and how cortical dynein is regulated. I first used photoactivatable-GFP-α-
tubulin (PA-GFP-tub) to study the coordination between cortical pulling forces and 
microtubule sliding in the midzone. Photoactivation is a live cell imaging technique that 
utilizes a GFP variant to examine the dynamics and movement of select fluorescently 
labeled molecules. The photoactivatable GFP fluorophore remains in a dark state until 
activated with 405nm laser. Following activation, the selected fluorophores switch into a 
fluorescent state that can be excited and visualized with a 488nm laser. The contrast of 
the bright fluorescent molecules against the dark background allows for an improved 
signal to noise ratio in the resulting images. 
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I next used fluorescence recovery after photobleaching (FRAP) of DHC-GFP and 
photoactivatable-GFP-dynein intermediate chain 2 (DIC2-PA-GFP) to gain insight into 
cortical dynein dynamics. FRAP is a technique that utilizes the irreversible 
photobleaching properties of a fluorophore and allows for easy visualization and 
quantification of protein dynamics. During this process, a selected group of fluorescently 
labeled proteins is exposed to high intensity laser power, causing the region to become 
dark from photobleaching. Fluorescence intensity is recovered as new and unbleached 
fluorescent molecules move into the photobleached area. Analysis from FRAP gives 
insight into the mobile fraction and turnover rate, or speed of redistribution of 
fluorescence after photobleaching, of proteins in a given location. 
Overall, my results provide evidence that pole motion and midzone sliding are not 
coordinated, however they are interdependent, and that cortical dynein dynamics are 
increased during anaphase. In addition, I demonstrate a critical role for microtubules in 
regulating cortical dynein dynamics. 
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Figure 1. Schematic diagram depicting the ternary complex, Gαi, LGN, and NuMA 
and its interaction with astral microtubules. During metaphase, this complex is the 
dominant mechanism for spindle positioning.  
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Figure 2. Schematic diagram depicting spindle elongation during anaphase. In 
anaphase, additional cortical dynein-targeting pathways, including PIP/PIP2/NuMA and 
4.1 G/R/NuMA pathways, are activated following a decrease in CDK1 activity. In 
addition, Kif4 is recruited to the midzone to inhibit microtubule polymerization and 
regulate midzone length.  
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CHAPTER II 
EXAMINING THE COORDINATION BETWEEN SPINDLE POLE 
MOVEMENT AND MIDZONE ELONGATION  
Introduction 
Understanding the coordination between pole separation and spindle elongation is 
critical to advancing my knowledge about the mechanisms that facilitate proper 
segregation of sister chromatids. During anaphase, it is thought that cortical dynein forces 
predominate to separate the two spindle halves (Collins et al., 2012; Kiyomitsu and 
Cheeseman et al., 2013; Kotak et al., 2013; Zheng et al., 2014). Although evidence 
suggests that kinesins, such as  Kif4 and Eg5, localize to the midzone to restrict spindle 
elongation (Collins et al, 2014; Hu et al., 2011), the exact role of the midzone remains 
unclear.  
Kif4 is a chromokinesin that relocalizes to the midzone during anaphase. It plays 
an important role in regulating midzone length by inhibiting polymerization of 
microtubule plus-ends (Hu et al., 2011). Depletion of kif4 results in a disorganized and 
elongated midzone (Hu et al., 2011). In this study, I utilized siRNA targeting Kif4 to 
enhance polymerization of midzone microtubules and alter midzone integrity. 
Here, I used PA-GFP-tub to investigate how cortical pulling forces and midzone 
forces cooperate to produce spindle elongation during anaphase. I specifically aimed to 
weaken or strengthen certain forces within the spindle, and examine how spindle 
elongation and pole separation were affected. I hypothesized that while cortical pulling 
forces are largely responsible for pole separation and spindle elongation, opposing forces 
in the midzone restrict cortical pulling forces in anaphase.  
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Materials and Methods 
Cell Culture 
LLC-Pk1 cells expressing photoactivatable-GFP-α-tubulin were cultured in a 1:1 mixture 
of F10-HAMS medium and OptiMEM, HEPES, sodium bicarbonate, 7.5% FBS, and 1X 
antibiotic-antimycotic. All cell lines were maintained in a CO2 incubator at 37°C at pH 
7.2. Cells were plated on coverslips to the appropriate density 48 hours prior to imaging. 
Coverslips were put into a Rose chamber with non-CO2 medium lacking bicarbonate and 
indicator dye and containing HEPES directly prior to imaging. 
 
Mammalian Transfection 
LLC-Pk1 cells expressing photoactivatable-GFP-α-tubulin were nucleofected with 
siRNA against LGN, siRNA against Kif4, H2B-mcherry, or membrane-targeted Plk1, a 
construct encoding Plk1, a mCherry tag, and a membrane tag consisting of the N-terminal 
20 amino acids of neuromodulin (Kiyomitsu and Cheeseman, 2012). Nucleofection was 
performed according to Mirus instructions. Cells were split heavily, approximately 1X106 
cells per flask, 24 hours prior to nucleofection. Cells were trypsinized, suspended in 
medium, spun down into a pellet in a clinical centrifuge at setting 1 for 5 minutes, and the 
supernatant was removed. 100 µL of the Mirus reagent and 2µg of plasmid DNA, or 5µL 
of 20µM siRNA, were premixed and then added to the pellet and mixed together gently 
using a glass Pasteur pipette. This solution was transferred to a nucleofection cuvette, 
nucleofected using an Amexa nucleofector on setting X001, resuspended in pre-warmed 
medium, and plated to the desired cell density.  
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Microscopy 
Time-lapse images were captured using the Galvano scanner on a Nikon A1R+ point 
scanning microscope. Laser intensity and gain was set to optimize fluorescence intensity 
levels and minimize photobleaching. A gain of 45 and laser power of 1.74 was set for the 
488 nm laser, and a gain of 40 and laser power of 1.74 was set for the 561 nm laser. A 
60x objective with Numerical Aperture of 1.40 was used, and the images were zoomed to 
optimize resolution. Cells were imaged on a heated stage set to 37°C. A rectangular 
activation region with a width of 0.5 µm was drawn in the midzone, directly in the center 
between the separated chromosomes. Only cells that had chromosomes separated > 
0.5µm were imaged. The following set-up was used for photoactivation: Regions of 
interest were exposed to 2, 1 second iterations of 10.24% laser power of a 405nm 
wavelength laser. Three z-planes at 1µm intervals were then captured for each time point 
every 20 seconds with 488nm and 561nm lasers.   
 
Analysis of Midzone Sliding and Pole Separation 
For analysis, cells were categorized into early anaphase or late anaphase. Early anaphase 
consisted of cells in which the chromosomes had just separated and were < 4µm apart. 
Late anaphase consisted of cells that had separated chromosomes > 4µm but had not yet 
undergone the pinching of cytokinesis. The line tool in ImageJ was used to analyze both 
midzone sliding and pole separation. Max intensity projections were created for each 
time point and used for analysis. To measure midzone sliding rates, the width of the 
fluorescent mark was measured at frame 1 (t = 0 sec) and frame 7 (t = 120 sec). The 
calculated value represents the total expansion of the fluorescent mark. Specifically, a 
 12 
value was measured by drawing a line between each leading edge of the fluorescent 
mark. The difference in length was calculated and divided by two to determine the rate of 
expansion of the fluorescent mark in µm/min. Similar analysis was performed for pole 
separation, except the line was drawn from the end of one pole to the end of the other 
pole. To compare midzone sliding and pole separation I divided the midzone sliding rate 
by the pole separation rate for each cell. Values > 1 indicate that the midzone is sliding 
faster, and values < 1 but  > 0 indicate that pole separation was faster than midzone 
sliding. 
 
Results 
Midzone sliding rate decreases as cells progress through anaphase 
  To analyze the contribution of midzone forces to spindle elongation, I first 
measured the motion of the poles and of the midzone microtubules. To do this I activated 
a narrow region, 0.5 µm, of PA-GFP-tub in the midzone during anaphase (Figure 1). As 
anti-parallel overlapping microtubules slid apart, the fluorescent mark separated into two 
and moved toward the respective poles (Figure 1). This sliding movement was easily 
visualized and was therefore a useful tool to measure the rate of microtubule sliding in 
the midzone. During analysis, cells were categorized into two groups: early anaphase and 
late anaphase (described in methods). 
In control cells, microtubules slid apart at a rate of 1.98 µm/min during early 
anaphase. This rate decreased by more than half as cells progressed into late anaphase 
(Figure 2a;b). To gain further insight into the balance of pushing and pulling forces, I 
measured the rate of pole separation as a readout for the net force acting on the spindle 
 13 
poles. Interestingly, there was no significant change in pole separation rate throughout 
anaphase, and the average rates were significantly lower than midzone sliding rates 
(Figure 2). This suggests that midzone sliding and pole movement are not precisely 
coordinated. To investigate this, I directly compared the two by calculating the ratio of 
the midzone sliding rate to the pole separation rate for each individual cell. On average, 
microtubules in the midzone slid apart 4 times faster than the poles separated during early 
anaphase (Figure 2C). This ratio decreased by half during late anaphase. These data 
suggest that midzone sliding and pole separation are not precisely coordinated. 
 
Cortical pulling forces are required for midzone sliding 
 To determine if cortical pulling forces are required for midzone sliding, I 
dampened cortical pulling forces using membrane-targeted Polo-like kinase1 (mem-
Plk1). This construct prevents the interaction between NuMA, p150, and dynein at the 
cortex, therefore reducing cortical dynein levels (Kiyomitsu and Cheeseman, 2012). 
Twenty-four hours post nucleofection, the majority of mitotic cells were rounded, in an 
apoptotic-like state, and failed to complete mitosis. The small number of cells that 
entered anaphase showed dramatically reduced midzone rates during early and late 
anaphase when compared to control cells (Figure 3b). In addition, some cells showed 
microtubule buckling in the midzone, suggesting that cortical pulling forces are required 
for efficient microtubule sliding (Figure 3a).  Pole separation was hindered as well, 
demonstrating the weakened pulling forces (Figure 3c). It is important to note that these 
results represent values from a single anaphase cell and only two late anaphase cells. 
Therefore, no definitive conclusions can be made from this data. 
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To confirm these results I used RNAi against LGN as an alternative approach to 
weaken cortical pulling forces (Figure 4). Overall, LGN depleted cells were much 
healthier and many more cells entered into anaphase when compared to cells expressing 
mem-Plk1 (Figure 4a). Similar to cells treated with mem-Plk1, LGN depletion resulted in 
significantly decreased pole separation rates during late anaphase (Figure 4c). Midzone 
sliding rates also decreased during early anaphase, although this difference was not 
significant (Figure 4b). Microtubule buckling in the midzone was also observed. These 
cells showed a much milder phenotype than those expressing mem-Plk1, most likely due 
to the additional pathways for cortical dynein accumulation in anaphase (Kotak et al., 
2014, Kiyomitsu and Cheeseman, 2013, Zheng et al., 2014). Overall, depletion of cortical 
dynein by LGN knockdown or expression of mem-Plk1 was sufficient to disrupt spindle 
elongation.   
 
Enhanced microtubule polymerization in the midzone increases pole separation 
rates 
 To investigate the effect of midzone forces on pole separation, I promoted 
microtubule polymerization in the midzone by knocking down Kif4 (Hu et al., 2011). 
Twenty-four hours post-nucleofection I observed a significant increase in midzone 
sliding rates during late anaphase, but not early anaphase (Figure 5a;b). In addition, many 
cells showed severe buckling of midzone microtubules during late anaphase (Figure 5D). 
The rate of pole separation increased slightly during early anaphase, and significantly 
during late anaphase (Figure 5c). This suggests that the midzone plays an important role 
in restricting pole separation. 
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Discussion 
During anaphase, it is essential that cortical and midzone forces are coordinated to 
prevent errors in spindle elongation and chromosome segregation. To study the 
coordination of forces, I used photoactivation techniques to compare midzone 
microtubule sliding rates and pole separation rates. During this analysis, midzone sliding 
rates decreased significantly following early anaphase. Interestingly, pole separation did 
not follow this same trend, suggesting that pole separation and midzone sliding are not 
coordinated. It is possible that microtubule flux is responsible for this observation. 
However, further research would need to be conducted to confirm this hypothesis.  
In addition, previous research has shown that centrosomes separate the fastest 
during the first couple minutes of anaphase (Collins et al., 2014). My analysis only 
covered midzone sliding in cells that had already entered anaphase and had begun 
separating chromosomes. This could explain why pole separation rates were similar 
throughout anaphase.  
As expected, both pole separation and midzone sliding rates were dampened in 
cells expressing mem-Plk1. This suggests that cortical pulling forces are required for 
midzone sliding. Although I observed dramatic results, it was difficult to obtain a large 
sample number because the majority of cells expressing mem-Plk1 were very sick and 
failed to complete mitosis. To circumvent this problem I knocked down LGN using 
siRNA. I chose this method because additional anaphase-specific pathways have been 
identified for anchoring dynein to the cortex in an LGN-independent manner (Kotak et 
al., 2014, Kiyomitsu and Cheeseman, 2013, Zheng et al., 2014). The LGN knockdown 
therefore gave me the opportunity to study midzone sliding in cells that had weakened, 
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but not completely abolished pulling forces. Cells depleted of LGN showed similar 
results to cells expressing mem-Plk1, although the results were not nearly as severe. In 
both mem-Plk1 expressing cells and LGN knocked down cells, I also observed 
microtubule buckling within the midzone, suggesting that midzone microtubules were 
incapable of efficiently sliding apart when cortical forces were dampened. The 
overlapping microtubules were not strong enough to push the poles apart and therefore 
buckled in the midzone.  
To determine if pole separation is dependent on the midzone, I enhanced 
microtubule polymerization in the midzone by knocking down Kif4. During early 
anaphase, midzone sliding rates were similar to control rates, most likely because Kif4 
did not have sufficient time to accumulate on midzone microtubules in control cells. I 
also observed that cells depleted of Kif4 showed a dramatic increase in both midzone 
sliding rates and pole separation rates during late anaphase, suggesting that pole motion is 
dependent on midzone sliding. It is possible that the Kif4 knockdown relieved tension 
and restrictive forces within the midzone, allowing cortical pulling forces to have a 
greater effect. This supports my hypothesis that the midzone acts as a break to restrict 
pole separation. In addition, enhanced  microtubule polymerization in the midzone could 
create force to drive the poles apart. However, it is difficult to conclude what exactly is 
causing the increased rate of pole separation following Kif4 depletion. To further explore 
this question, I could knockdown Kif4 and LGN simultaneously. This would allow me to 
determine if increased midzone sliding could generate pushing forces to compensate for 
weakened pulling forces. 
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In summary, I provide a quantitative approach to explore the coordination of 
forces between the midzone and the cortex. Although my results show that midzone 
sliding and pole separation are not precisely coordinated, it is evident that they are 
dependent on each other. Further research in this area could give insight into exactly what 
proteins are important to maintain this coordination of forces during spindle elongation. 
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Figure 3. Photoactivation is a valuable tool to study microtubule sliding within the 
midzone. (Top) Real images and (Bottom) schematic diagram of overlapping antiparallel 
microtubule sliding apart during anaphase. The plus and minus ends of microtubules are 
marked in blue. Scale bar = 5µm. 
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Figure 4. Midzone sliding rate is cell cycle-dependent. (A) Selected images from a 
time-lapse series showing microtubule sliding during early and late anaphase. Scale bar = 
5µm. (B) Quantification of midzone sliding rates and pole separation rates. Error bars 
represent SEM. (C) Ratio of midzone sliding rates and pole separation rates. Error bars 
represent SEM. Early anaphase n = 5. Late anaphase n = 17. 
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Figure 5. Midzone sliding decreases in cells expressing mem-Plk1. (A) Selected 
images from a time-lapse series showing microtubule sliding in cells treated with mem-
Plk1. Scale bar = 5µm. (B) Quantification of midzone sliding rates and (C) pole 
separation rates. Error bars represent SEM. Early anaphase n = 1. Late anaphase n = 2. 
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Figure 6. Pole separation rate decreases in LGN knocked down cells. (A) Selected 
images from a time-lapse series showing microtubule sliding in LGN knocked down 
cells. Scale bar = 5µm. (B) Quantification of midzone sliding rates and (C) pole 
separation rates. Error bars represent SEM. Early anaphase n = 4. Late anaphase n = 7. 
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Figure 7. Midzone sliding rates increase in Kif4 knocked down cells. (A) Selected 
images from a time-lapse series showing microtubule sliding in Kif4 knocked down cells. 
Scale bar = 5µm. (B) Quantification of midzone sliding rates or (C) pole separation rates. 
(D) Selected images from a time-lapse series showing severe buckling of microtubules in 
the midzone. Error bars represent SEM. Early anaphase n = 2. Late anaphase n = 8. 
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CHAPTER III 
CORTICAL DYNEIN TURNOVER IS CELL CYCLE-DEPENDENT  
Introduction 
Cytoplasmic dynein is a minus end directed motor protein that is essential for 
proper mitotic progression. This microtubule motor exists as a large homodimer that 
consists of multiple subunits, including heavy chains, intermediate chains, light 
intermediate chains, and light chains. The heavy chain subunit contains a ring of six AAA 
domains, which are the sites of ATP hydrolysis and force generation. In mammalian 
cells, it is thought that dynein is the primary force generator that contributes to spindle 
positioning in metaphase and spindle elongation during anaphase (Collins et al., 2012, 
Kotak et al. 2012; 2013; 2014, Kiyomitsu and Cheeseman, 2012; 2013, Zheng et al., 
2014). 
Previous dynein localization and RNAi experiments have supported the cortical 
dynein pulling model for spindle positioning and elongation (Kiyomitsu and Cheeseman, 
2012,2013; Kotak et al., 2012,2013, Zheng et al., 2013,2014). In metaphase HeLa cells, 
dynein accumulates in a crescent shaped distribution along the cortical regions farthest 
from the spindle (Kiyomitsu and Cheeseman, 2012). As the spindle is pulled closer, 
cortical dynein is redistributed to the opposite cortical region that is now distal to the 
spindle (Collins et al., 2012; Kiyomitsu and Cheeseman, 2012). These spindle 
oscillations produce a feedback loop that is eventually dampened once the spindle is 
properly positioned in the center of the cell (Kiyomitsu and Cheeseman, 2012). An 
unequal distribution of cortical dynein is also required for spindle position correction 
mechanisms during anaphase B in LLC-Pk1 cells (Figure 1; Collins et al., 2012). 
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It would be expected that the accumulation of cortical dynein during anaphase 
could result from two possible scenarios: 1) the off rate of cortical dynein remains the 
same and the on rate increases, or 2) the off rate of cortical dynein decreases and the on 
rate remains the same or increases. However, it remains unclear how a cell is able to 
balance on and off rates of cortical dynein to maintain appropriate levels. I used 
photoactivation and FRAP techniques to investigate this. 
Another area of interest is how the accumulation and distribution of cortical 
dynein is regulated throughout all stages of mitosis. One regulator, Polo-like kinase 1 
(Plk1), has been shown to be a spindle-pole derived signal that negatively regulates 
cortical dynein accumulation (Collins et al., 2012, Kiyomitsu and Cheeseman, 2012). 
Specifically, Plk1 promotes the dissociation of dynein, p150, and p50, from LGN and 
NuMA as demonstrated from LGN co-immunoprecipitation experiments (Kiyomitsu and 
Cheeseman, 2012). In support of this mechanism, Plk1 phosphorylation sites have been 
identified within NuMA, p150, and p50 by mass spectrometry (Kiyomitsu and 
Cheeseman, 2012). This intrinsic regulation of dynein by Plk1 is conserved in LLC-Pk1 
cells (Collins et al., 2012). 
Another key component that is required for regulating dynein-dependent pulling 
forces are astral microtubules. A well-studied model system, Saccharomyces cerevisiae, 
has helped pave the way in understanding the interaction between astral microtubules and 
dynein at the cortex. In this system, dynein tip tracks on the plus ends of astral 
microtubules and is directly offloaded onto the cortex. Once offloaded, the dynein 
complex becomes anchored and generates force via microtubule sliding (Lee et al., 2003, 
2005; Markus and Lee, 2011). Cortical dynein purified from S. cerevisiae has also been 
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shown to directly affect microtubule dynamics in in vitro fabricated chambers by 
capturing the plus ends of microtubules, inhibiting growth, and initiating spontaneous 
depolymerization, called catastrophe (Laan et al., 2012). These results suggest that astral 
microtubule depolymerization, in addition to the processive walking motion of dynein 
along microtubules, may be responsible for generating cortical pulling forces.  
Although there is no evidence for the direct delivery of cortical dynein by astral 
microtubules in mammalian cells, it is clear that astral microtubules play a critical role in 
regulating cortical dynein. Research suggests that astral microtubules are required for 
both the removal and the recruitment of dynein from/to the cortex (Zheng et al., 2013; 
Tame et al., 2014), although the exact mechanisms by which dynein is added or removed 
remains elusive. MDCK cells treated with low doses of nocodazole exhibit increased 
levels of cortical dynein and reduced turnover rates of LGN, suggesting that astral 
microtubules are important to remove cortical dynein (Zheng et al., 2013). Consistent 
with these observations, cortical dynein accumulates in regions that are inaccessible by 
astral microtubules in LLC-Pk1 cells (Collins, et al., 2012). Intriguingly, it has remained 
unclear how cortical dynein is able to accumulate during anaphase, despite the presence 
of longer and more stable astral microtubules. 
To study this, I performed FRAP and photoactivation experiments on cortical 
dynein during all stages of mitosis. My results show that cortical dynein dynamics are 
significantly enhanced during anaphase when compared to prometaphase. To gain insight 
into the regulation of cortical dynein by Plk1 and astral microtubules, I also performed 
FRAP experiments on cells treated with BI2536, a Plk1 inhibitor, or a low dose of 
nocodazole, to selectively depolymerize astral microtubules (Théry et al., 2005), in cells 
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arrested in metaphase with MG132. My results suggest that Plk1 and astral microtubules 
have no significant effect on cortical dynein turnover in metaphase LLC-Pk1 cells. This 
is most likely because regulation of cortical dynein is highly dependent on pole-to-cortex 
distance. In addition, I provide evidence for astral microtubule-mediated delivery and 
removal of cortical dynein. 
 
Materials and Methods 
Cell Culture 
LLC-Pk1 cells expressing GFP-labeled dynein heavy chain (DHC) expressed from a 
bacterial artificial chromosome (BAC) were cultured according to the methods in Chapter 
2, except cells were plated and imaged in MatTek dishes. 
 
Microscopy 
Cells were imaged according to the methods from Chapter 2. Boxes of 15X15 pixels 
were drawn over the desired region and used for photobleaching or photoactivation 
experiments. The following set up was used for FRAP experiments in cells that were not 
MG132 metaphase arrested: Regions of interest were exposed to 2, 1 second iterations of 
30% laser power of a 488nm wavelength laser. Images were acquired at a time interval of 
10 seconds. The following set up was used for FRAP experiments in cells that were 
MG132 metaphase arrested: Regions of interest were exposed to 2, 1 second iterations of 
5% laser power of a 488nm wavelength laser. Images were acquired at a time interval of 
20 seconds. The following set up was used for photoactivation experiments: Regions of 
interest were exposed to 2, 1 second iterations of 10.24% laser power of a 405nm 
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wavelength laser. Images were then acquired at a time interval of 5 seconds. DHC-GFP-
BAC cells transiently expressing mCh-EB1 were imaged every 5 seconds. DHC-GFP-
BAC cells showing dynein delivery events were either imaged every 10 or 30 seconds.  
 
Analysis of FRAP experiments 
A 1.5 µm long and 0.3 µm wide line was drawn over the photobleached regions. Cortical 
regions that were fairly uniform were chosen for FRAP analysis to avoid variability from 
dynein patches. Mean intensity values were measured for each time frame and pasted into 
excel. For each cell, two additional values were measured at each time point; one to 
correct for photobleaching and one to correct for background noise. Photobleaching 
correction values were measured by drawing a 1.5 µm long and 0.3 µm wide line at a 
region within the same cell. The line was drawn far from the photobleached area and 
away from the spindle because some dynein localized to the spindle. Background noise 
values were measured drawing a 1.5 µm long and 0.3 µm wide line in a region where no 
fluorescent molecules were present. To calculate the normalized fluorescence value for 
each time point, the background noise was subtracted from both the FRAP values and the 
photobleach correction values. To normalize both sets of values, each time point value 
was divided by the fluorescent value directly prior to bleaching. The FRAP values were 
then corrected for photobleaching by dividing each FRAP value by the corresponding 
correction value. To generate average recovery curves, each time point from every cell 
was averaged and was subsequently plotted on a line graph in excel. To determine half-
time and % recovery values, best fit exponential curves were fitted to each recovery 
curve in KaleidaGraph using the equation y = m1 + m2*(1-exp(-m3*x). Percent recovery 
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was calculated by plugging in the last time point (240 seconds) for x, solving for y, and 
subtracting initial fluorescence intensity. This value was then divided by two, added to 
the initial fluorescence intensity, and plugged into y to determine half-time values.  
 
Analysis of R2 Values 
R2 values were calculated to investigate if there was a correlation between pole-to-cortex 
distance and cortical dynein half-time and % recovery. To determine R2 values, distance 
and the desired parameter, half-time or % recovery, were plotted on an X-Y scatter plot 
in excel for each stage of mitosis. The data was fitted to a best-fit linear line in excel. The 
R2 value was taken from this best-fit line. Pole-to-cortex distances ranged from 9.85µm - 
20.83µm for prometaphase, 3.05µm - 17.39µm (all cells, except one, had a distance 
greater than 9.19µm) for metaphase, 4.57µm - 18.11µm for anaphase, and 5.50µm - 
7.71µm for telophase. 
 
Analysis of Photoactivation 
A 0.3 X 0.3 µm box was drawn over the photoactivated regions. Cortical regions that 
were fairly uniform were analyzed to avoid variability from dynein patches. Mean 
intensity values were measured for each time point and pasted into excel. Only cells that 
had a fluorescence intensity greater than 400 A.U. within the activated region were used 
for analysis. A box of 0.3 X 0.3 µm was drawn in a region with no fluorescent molecules 
for each time point, and mean fluorescent values were measured to correct for 
background. Background values were subtracted from photoactivation values for each 
time point. These values were then normalized by dividing the value at each time point 
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by the fluorescent intensity value directly following photoactivation. To generate average 
recovery curves, each time point from every cell was averaged and plotted on a line graph 
in excel. 
 
Construction of DIC2-PA-GFP Plasmid 
Traditional restriction digestion cloning was used to generate the DIC2-PA-GFP plasmid. 
The primers HJ01 (5’ - CCAG GTCGAC G ATG TCG GAC AAA AGT GAT TTA 
AAA GC – 3’) and HJ02 (5’ - CT ACC CGA ATC CCT GCC AGC AGC GGT GGA 
AGT GCA AGC GCA AGC GCC AGT GGT AGC GCA CCG GTC GCC ACC CG 
GGATCC CTGG – 3’) were used to clone DIC2 out of a EGFP-IC2-FL (Addgene 
plasmid # 51409) and into a pPA-GFP N1 vector with a kanamycin/neomycin resistance 
marker. The restriction enzymes Sal1 and BamH1 were used. DIC2-PA-GFP was then 
cloned out of the pPA-GFP N1 vector and inserted into a pIRES-hygro3 (Clonetech) 
vector using the primers HJ18 (5’ - CCAG  CTTAAG ATG TCG GAC AAA AGT GAT 
TTA AAA GC – 3’) and HJ19 (5’ - C ATG GAC GAG CTG TAC AAG TAG GCTAGC 
CTGG – 3’). The restriction enzymes AflII and Nhe1 were used. 
 
Immunofluorescence  
LLC-Pk1 pig epithelial cells were plated on coverslips 48 hours prior to fixation. Cells 
were treated with 10µM BI2536 or 50nM nocodazole for the indicated times before 
fixation. Medium containing 0.1% DMSO was used as a vehicle control. Coverslips were 
rinsed twice with PBS- -, fixed in -20°C 100% methanol for 10 minutes, and rehydrated 
in PBS-Tween-Azide. Following fixation, cells were stained for the p150Glued subunit 
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of dynactin and α-tubulin. Cells were incubated for 1 hour in the primary p150Glued 
mouse antibody (BD Transduction Laboratories) at a dilution of 1:100, followed by a 45 
minute incubation with a goat-anti-mouse IgG Alexa Fluor 568 secondary antibody 
(Molecular Probes) at a dilution of 1:100. Cells were then double stained using the same 
protocol as above, but with YL1/2 primary antibody (Accurate Chemical and Scientific 
Corporation) at a dilution of 1:100 and anti-rat FITC secondary antibody (Sigma) at a 
dilution of 1:32. Coverslips were mounted on glass slides using mounting medium 
containing DAPI. The fluorescently stained molecules were visualized using fluorescence 
microscopy. 
 
Inhibitors 
MG132 was added to F10HAMs medium in MatTek dishes at a final concentration of 
5µM 30 minutes prior to imaging. The media was first thoroughly mixed in an eppendorf 
tube by pipetting up and down. All cells were arrested in metaphase following the 30 
minute incubation in MG132. To inhibit astral microtubules in metaphase arrested cells, 
cells were treated with MG132 and 50nM nocodazole 30 minutes prior to imaging. To 
inhibit Plk1 in metaphase arrested cells, cells were treated with MG132 and 10µM 
BI2536 30 minutes prior to imaging. To inhibit astral microtubules and Plk1 
simultaneously in metaphase arrested cells, cells were treated with MG132, 50nM 
nocodazole, and 10µM BI2536 30 minutes prior to imaging. 
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Mammalian Transfection 
LLC-Pk1 cells expressing DHC from a BAC were nucleofected with a plasmid encoding 
end-binding protein 1 (EB1) tagged with mCherry. The nucleofection was carried out 
according to the methods in Chapter 2.  
 
Results 
Examining the turnover of cortical dynein using FRAP 
To study the dynamics of cortical dynein, I performed FRAP experiments on 
clonal LLC-Pk1 cell lines expressing dynein heavy chain from a bacterial artificial 
chromosome (BAC; Cheeseman and Desai, 2005; Poser et al., 2008). This technique 
allows the gene of interest to be expressed from the endogenous promoter, with the native 
regulatory elements in place (Cheeseman and Desai, 2005; Poser et al., 2008).  
I performed FRAP experiments during all stages of mitosis to determine if the 
turnover of cortical dynein is cell cycle-dependent (Figure 2). The overall trend showed 
that the half-time of cortical dynein steadily decreased from prometaphase to telophase. 
However, there was no significant change in half-time, except between prometaphase and 
anaphase (Figure 3). 
 In addition to recovering faster, cortical dynein also recovered to a significantly 
greater extent during anaphase than in prometaphase. The extent of cortical dynein 
recovery doubled in anaphase when compared to prometaphase (Figure 3). While the 
overall trend showed a steady increase in cortical dynein % recovery for each stage 
between prometaphase and anaphase, the only significant increase was between 
prometaphase and anaphase.  
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Because cortical dynein is thought to be regulated by astral microtubules and 
Plk1, it would be expected that cortical dynein turnover would be distance dependent. To 
investigate this, I compared cortical dynein half-time and % recovery values to the 
distance between the nearest pole and the photobleached region. Pole-to-cortex distances 
ranged from 4.57µm to 20.83µm. There was no correlation between pole-to-cortex 
distance and turnover rates (Table 1). 
 
Examining the dynamics of cortical dynein using photoactivation 
During anaphase, it is proposed that dynein accumulates at the cortex in order to 
generate force to elongate the spindle (Collins et al., 2012; Kiyomitsu and Cheeseman et 
al., 2013; Kotak et al., 2013; Zheng et al., 2014). The balance of on and off rates must be 
tightly regulated to produce this accumulation of force generators. FRAP experiments 
revealed that the rate of redistribution and extent of recovery is significantly enhanced 
during anaphase when compared to prometaphase, suggesting that the net addition of 
dynein to the cortex is faster in later mitosis. However, it is unclear whether the 
dissociation rate of dynein from the cortex is also cell cycle-dependent. To help gain 
insight into this, I generated LLC-Pk1 cell lines expressing dynein intermediate chain 2 
that was C-terminally tagged with photoactivatable GFP (DIC2-PA-GFP). I activated 
small regions of DIC2-PA-GFP along the cortex of both prometaphase and anaphase 
cells. Only cells with sufficient activated cortical dynein were used during analysis (see 
methods). Surprisingly, cortical dynein dissociated from the cortex faster in anaphase 
than in prometaphase (Figure 4). In addition, a greater percentage of photoactivatable 
cortical dynein dissociated form the cortex in anaphase (Figure 4).  
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The role of Plk1 and astral microtubules in cortical dynein turnover 
Previous research has revealed the importance of both astral microtubules and 
Plk1 in the distribution of dynein along the cortex. While evidence suggests that both 
factors promote the dissociation of dynein from the cortex, it is unclear whether they 
affect the recovery of cortical dynein. Here, I sought to examine how these regulatory 
factors affect the turnover of cortical dynein. 
 To first confirm the effects of the Plk1 inhibitor, BI2536, and nocodazole on 
LLC-Pk1 cells, I treated, fixed, and stained each coverslip for α-tubulin and the 
p150Glued subunit of dynactin (Figure 5A). As expected, some Plk1 inhibited cells 
showed increased amounts of cortical dynein and unfocused spindle poles (Figure 5A,B). 
Live cell imaging of GFP-γ-tubulin cells demonstrated that centrosomes are frequently 
displaced towards the cortex in cells treated with BI2536 (Figure 5B). Cells treated with 
50nM nocodazole displayed decreased densities of astral microtubules and some cells 
displayed more disperse cortical dynein (Figure 5A,C). In addition, many nocodazole 
treated cells had no cortical dynein accumulation, but instead had large aggregates of 
dynein in the cytoplasm (Figure 5C), suggesting that astral microtubules are required for 
proper localization of dynein. DHC-GFP-BAC cells, which have double the endogenous 
level of dynein, showed a greater localization of cortical dynein, and a few stable 
microtubules that were coated in dynein (Figure 5C).  
To study the effect of Plk1 and astral microtubules on cortical dynein turnover, I 
performed FRAP experiments on DHC-GFP LLC-Pk1 cells treated with BI2536 or 
nocodazole (Figure 6). A low dose of nocodazole was used to specifically disrupt astral 
microtubules (Théry et al., 2005). In addition, I arrested all cells in metaphase using 
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MG132 to eliminate any variability due to cell cycle dependent factors. Due to slower 
recovery of cortical dynein in metaphase cells, a longer acquisition time interval of 20 
seconds between images was chosen for these experiments. FRAP analysis revealed that 
disruption of astral microtubules and inhibition of Plk1, or both simultaneously, had no 
significant effect on cortical dynein half-time or % recovery (Figure 7; 8; 9). 
 
Astral microtubules promote rapid dissociation and addition of dynein from/to the 
cortex 
To further investigate the regulation of cortical dynein by astral microtubules I 
imaged live DHC-GFP cells transiently expressing EB1-mCherry. This allowed me to 
precisely examine the interaction between microtubule plus ends and cortical dynein. 
Time-lapse movies revealed that cortical dynein rapidly dissociated from the cortex 
following contact with an EB1 dash (Figure 10). This suggests that astral microtubules 
may contribute to the fast turnover of cortical dynein, particularly during anaphase when 
astral microtubules are longer and less dynamic. 
While this gives insight into how dynein may be removed from the cortex, the 
mechanisms by which dynein gets onto the cortex remains elusive. It is hypothesized that 
astral microtubules play an additional role in sustaining cortical dynein (Tame et al., 
2014), however there is no evidence suggesting the direct role of microtubules in cortical 
dynein maintenance. Time-lapse movies of DHC-GFP cells reveal the directed movement 
of dynein onto the cortex (Figure 11). These events were also observed in cells treated 
with the Plk1 inhibitor, BI2536 (Figure 12). Although it is difficult to draw specific 
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conclusions, it is possible that I have uncovered a mechanism for astral microtubule-
mediated transport of dynein to the cortex. 
 
Discussion 
Cortical dynein dynamics are cell cycle-dependent 
My FRAP and photoactivation analysis revealed that cortical dynein dynamics are 
not dampened during anaphase, but are actually enhanced. As expected, the half-time 
significantly decreased and % recovery increased during anaphase, supporting the 
observation that dynein accumulates at the cortex. This is consistent with the regulation 
of NuMA by CDK1 (Kotak et al., 2013; Kiyomitsu and Cheeseman, 2013; Zheng et al., 
2014), and with the anaphase-specific pathways in which NuMA and dynein bind the 
cortex via interactions with 4.1 proteins or PIP/PIP2 (Kiyomitsu and Cheeseman 2013, 
Kotak et al., 2014). Surprisingly, cortical dynein also dissociated from the cortex faster, 
and to a greater extent, in anaphase. This suggests that astral microtubules are having an 
enhanced effect on cortical dynein dynamics during anaphase. I hypothesize that the 
increased length and stability of astral microtubules during anaphase promote the 
dissociation of dynein from the cortex, therefore leaving unoccupied sites for new dynein 
to bind. This continuous turnover may allow for rapid redistribution of dynein throughout 
the cortex to ensure proper spindle elongation. 
Also important to note, the calculated half-times for DHC-GFP recovery in 
metaphase LLC-Pk1 cells, were much slower than those reported for LGN-GFP in 
metaphase MDCK cells (Zheng et al., 2013). In addition, the extent of recovery of DHC-
GFP in metaphase LLC-Pk1 cells was about 20% lower than LGN-GFP recovery in 
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metaphase MDCK cells (Zheng et al., 2013). These differences could be attributed to 
cell-specific factors, or inherent differences in LGN and DHC dynamics. 
In summary, I demonstrate that dynein is not necessarily “anchored” to the cortex 
but is instead very dynamic, particularly during anaphase. I used FRAP and 
photoactivation techniques to show that dynein is redistributed throughout the cortex 
rapidly during anaphase. Although it is likely that these increased dynamics are the result 
of longer and more stable microtubules, further research would need to be conducted to 
confirm it. 
 
Astral microtubules and Plk1 have no significant effect on cortical dynein dynamics 
during metaphase in LLC-Pk1 cells 
Cortical dynein accumulation must be tightly regulated to ensure proper spindle 
positioning and spindle elongation. Two factors, astral microtubules and Plk1, have been 
identified as key regulators of cortical dynein. While evidence supports that both 
regulators promote the dissociation of dynein from the cortex (Zheng et al., 2013; 
Kiyomitsu and Cheeseman, 2012), it is unclear exactly how they affect the turnover. 
Based on previous LGN FRAP experiments in MDCK cells (Zheng et al., 2013) I 
expected to see reduced cortical dynein dynamics following nocodazole treatment. 
Surprisingly, I observed no significant change in half-time or % recovery in cells with 
disrupted astral microtubules. This is most likely because the regulation of cortical 
dynein by astral microtubules is highly distance dependent. Mitotic MDCK are typically 
much smaller and rounder than LLC-Pk1 cells, allowing for astral microtubules to 
contact the cortex more frequently. In metaphase LLC-Pk1 cells, astral microtubules only 
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reach approximately 5µm before they catastrophe (Collins et al., 2012). During this 
study, it was extremely rare for a control cell to have a pole located within 5µm of the 
cortex. It is therefore possible that the majority of photobleached regions were not within 
the reach of astral microtubules, thus explaining why loss of microtubules had no effect. 
To overcome this limitation, it would be necessary to study the effect of astral 
microtubules on cortical dynein turnover in anaphase cells, when astral microtubules 
grow longer. 
Similarly, Plk1 inhibition had no effect on cortical dynein turnover during 
metaphase, suggesting that Plk1 does not play a major role in regulating cortical dynein 
dynamics in metaphase LLC-Pk1 cells. This result supports the hypothesis that the 
regulation of cortical dynein is highly dependent on the distance between the pole and  
cortex. This is consistent with other reports that dynein only localizes to the cortex when 
the pole-to-cortex distance is greater than 3µm in HeLa cells (Kiyomitsu and Cheeseman, 
2012). 
Future research would focus on exactly how Plk1 contributes to the regulation of 
cortical dynein. While it has been shown that Plk1 prevents the accumulation of cortical 
dynein when it is directly targeted to the membrane (Kiyomitsu and Cheeseman, 2012), 
the distance over which Plk1 works remains unclear. To test this, I developed a FRET 
sensor with a Plk1 substrate site that would help me to study its kinase activity. By 
targeting this FRET sensor to the membrane I could determine exactly how close the pole 
must be to phosphorylate substrates, such as p150, p50 and NuMA.  It would also help 
elucidate whether Plk1 regulates cortical dynein during anaphase when Plk1 is 
relocalized from spindle poles to the midzone (Neef et al., 2003). In addition, I could co-
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express the FRET sensor and mCherry-DIC2 to examine the precise effect of Plk1 
phosphorylation on cortical dynein. 
The Plk1 FRET sensor would also help gain insight into how Plk1 and astral 
microtubules work together to regulate cortical dynein. Consistent with other reports 
(Zheng et al., 2013), my time-lapse movies show that astral microtubules contribute to 
the rapid dissociation of dynein from the cortex. It is therefore possible that astral 
microtubules help regulate cortical dynein by promoting an immediate but transient 
change in cortical dynein levels, while Plk1 may promote a slower but more permanent 
response. In this way, astral microtubules could produce sufficient force to separate the 
two spindle halves during anaphase, while Plk1 could help position the spindle during 
metaphase and prevent excessive accumulation of dynein at regions close to spindle 
poles.  
Astral microtubules may promote a transient response by not only rapidly 
dissociating dynein from the cortex, but also delivering dynein to the cortex. This could 
work as a reinforcement mechanism to help cortical dynein accumulate rapidly. 
However, the mechanism by which dynein is delivered to the cortex remains elusive. It is 
possible that dynein tip-tracks and is off-loaded to cortex once contact is made (Lee et al., 
2003, 2005; Markus and Lee 2011). Although, it is also possible that dynein is delivered 
to the cortex by a plus-end directed microtubule motor or by diffusion. To investigate 
this, I could eliminate the microtubule plus end binding motif in p150 (Duellberg et al., 
2014) to remove its tip-tracking ability, or knock down kinesin motors that are known to 
localize along astral microtubules and see if there is a decrease in the amount of delivery 
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events. However, it would be difficult to make conclusions because the delivery events 
are very rare. 
In summary, I show that Plk1 and astral microtubules have little impact on 
cortical dynein turnover during metaphase in LCC-Pk1 cells. However, astral 
microtubules may play a more critical role during anaphase when they are longer and 
contact the cortex more frequently. This is supported by my observations that astral 
microtubules promote the rapid dissociation of dynein from the cortex and that they may 
play a role in off-loading dynein onto the cortex in LLC-Pk1 cells. 
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(Collins et al., 2012) 
Figure 8. Model showing cortical dynein accumulation during metaphase and 
anaphase.  During metaphase, dynein accumulates at the cortical regions farthest from 
the spindle. This activity is regulated by Plk1 and astral microtubules. During anaphase, 
dynein levels increase in cells with either centered or misplaced spindles.  
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Figure 9. Cortical dynein turnover is cell cycle-dependent. Selected images from a 
time lapse series showing FRAP of cortical dynein in various stages of mitosis. Zoomed 
images of the FRAP region are directly below the whole field of view. White boxes 
indicate the region that was photobleached and analyzed. Scale bar for whole cell images 
= 5µm. Scale bar for zoomed images = 2µm. 
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Figure 10. Quantification of cortical dynein FRAP experiments. (Top) Graph of the 
average normalized fluorescence intensity curves for each stage of mitosis. Error bars 
represent SEM. (Bottom) Bar graphs depicting half-time and % recovery of cortical 
dynein. Error bars represent SEM. The change in half-time between prometaphase and 
anaphase has a p < .05 and the change in % recovery has a p < .0001. Prometaphase n = 
14. Metaphase n = 9. Anaphase n = 26. Telophase n = 4. 
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Table 1. R2 Values comparing pole-to-cortex distance and % Recovery/Half-time 
 
 Prometaphase Metaphase Anaphase Telophase 
% Recovery 0.01 0.10 5.3*10-5 1.3*10-3 
Half-time 1.6*10-4 0.06 0.05 0.50 
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Figure 11. Dynein dissociates from the cortex faster in anaphase than in 
prometaphase. (Top) Selected images from a time lapse series showing photoactivation 
of cortical dynein in metaphase and anaphase. Scale bar = 1µm. (Bottom) Graphs of the 
average normalized fluorescence intensity curves from metaphase and anaphase . Error 
bars represent SEM. Prometaphase n = 5. Anaphase n = 5.  
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Figure 12. Effects of BI2536 and Nocodazole on LLC-Pk1 cells (A) 
Immunofluorescence images showing the localization of p150Glued in cells treated with 
DMSO, nocodazole, or BI2536. (B) Immunofluorescence images showing microtubules 
and p150 in fixed cells treated with 50 nM nocodazole. (C) The effects of BI2536 on live 
DHC-GFP (top) or GFP-γ-tub (bottom) LLC-Pk1 cells.  Scale bars = 5µm. 
 46 
 
 
Figure 13. Astral microtubules and Plk1 have no significant effect on cortical dynein 
turnover in metaphase LLC-Pk1 cells. (Top) Selected images from a time lapse series 
depicting FRAP of cortical dynein in control cells treated with MG132 and DMSO. 
Zoomed images of the FRAP region are directly below the whole field of view. White 
boxes indicate the region that was photobleached and analyzed. Scale bar for whole cell 
images = 5µm. Scale bar for zoomed images = 2µm. (Bottom) Quantification of half-time 
and % recovery of cortical dynein in MG132 metaphase arrested cells treated with 
DMSO, nocodazole, BI2536 or both inhibitors together. MG132 and DMSO treated n = 
14. MG132 and nocodazole treated n = 9. MG132 and BI2536 treated n = 13. MG132, 
nocodazole, and BI2536 treated n = 12. Error bars represent SEM. 
 
 47 
 
 
Figure 14. BI2536 has no significant effect on cortical dynein turnover in metaphase 
cells. (Top) Selected images from a time lapse series depicting FRAP of DHC-GFP in 
cells treated with MG132 and BI2536. Zoomed images of the FRAP region are directly 
below the whole field of view. White boxes indicate the region that was photobleached 
and analyzed. Scale bar for whole cell images = 5µm. Scale bar for zoomed images = 
2µm. (Bottom) Normalized fluorescence intensity plots comparing the recovery of 
cortical dynein in control and BI2536 treated cells.  Error bars represent SEM. 
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Figure 15. Nocodazole has no significant effect on cortical dynein turnover in 
metaphase. (Top) Selected images from a time lapse series depicting FRAP of DHC-
GFP in cells treated with MG132 and nocodazole. Zoomed images of the FRAP region 
are directly below the whole field of view. White boxes indicate the region that was 
photobleached and analyzed. Scale bar for whole cell images = 5µm. Scale bar for 
zoomed images = 2µm. (Bottom) Normalized fluorescence intensity plots comparing the 
recovery of cortical dynein in control and nocodazole treated cells.  Error bars represent 
SEM. 
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Figure 16. Simultaneous inhibition of astral microtubules and Plk1 has no 
significant effect on cortical dynein turnover in metaphase. (Top) Selected images 
from a time lapse series depicting FRAP of DHC-GFP in cells treated with MG132, 
nocodazole, and BI2536. Zoomed images of the FRAP region are directly below the 
whole field of view. White boxes indicate the region that was photobleached and 
analyzed. Scale bar for whole cell images = 5µm. Scale bar for zoomed images = 2µm. 
(Bottom) Normalized fluorescence intensity plots comparing the recovery of cortical 
dynein in control and nocodazole/BI2536 treated cells.  Error bars represent SEM. 
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Figure 17. Astral microtubules promote the rapid dissociation of dynein from the 
cortex. (A) Selected images from a time-lapse series showing DHC-GFP (top), EB1-
mCherry (middle), and merge (Bottom). (B). Zoomed in view of an EB1 decorated plus 
end contacting the cortex. The zoomed region is indicated by the white box in (A). White 
arrows indicate the plus end of a growing microtubule. Scale bar for whole cell images = 
5µm. Scale bar for zoomed images = 1µm. 
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Figure 18. Dynein moves towards the cortex in a directional motion. (Top) Selected 
images from a time-lapse series showing the offloading of dynein onto the cortex in 
DHC-GFP cells. Dynein first appears to be pulled from the cortex, and then immediately 
replaced. (Bottom) Selected images from a time-lapse series with better time resolution 
showing directed movement of dynein onto the cortex. White boxes indicate the zoomed 
regions shown in the bottom panels. Scale bars for whole cell images = 5µm. Scale bars 
for zoomed images = 1µm. 
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Figure 19. Dynein delivery in cells treated with BI2536. Selected images from a time-
lapse series showing the offloading of dynein onto the cortex in DHC-GFP cells. White 
boxes indicated the zoomed regions shown in the bottom panels. Scale bars for whole cell 
images = 5µm. Scale bars for zoomed images = 2µm. Time represents seconds. 
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APPENDIX 
DNA CONSTRUCT LIST 
 
BS # Construct Resistance 
   
176 EMTB-3X-mCherry (microtubule binding) Carb 
180 Dynein Intermediate Chain 2 (EGFP-IC2-
FL) 
Neo/Kan 
186 DIC2-PA-GFP Neo/Kan 
187 PA-GFP-p50 Neo/Kan 
188 DIC2-mCherry Neo/Kan 
189 mCherry-p50 Neo/Kan 
190 pIRES-hyg-DIC2-PA-GFP Carb 
191 pIRES-hyg-DIC2-mCherry Carb 
192 pIRES-hyg-DIC2-mCherry Carb 
193 pIRES-hyg-PA-GFP-p50 Carb 
194 pIRES-hyg-mCherry-p50 Carb 
195 TPX2-FL-GFP Kan 
196 TPX2 delta-PFAM-GFP Kan 
197 TPX2-662-GFP Kan 
198 TPX2-710-GFP Kan 
199 Plk1-FRET sensor (from Tom) Carb 
200 EGFP-Hsp70-myc-PACT  
202 MTBD-Plk1 FRET sensor Neo/Kan 
 pIRES-neo-Plk1-FRET sensor Neo/Carb 
 
 
 
 
 
 
 
 
 
 
 54 
BIBLIOGRAPHY 
Aist J (1993). Astral and spindle forces in PtK2 cells during anaphase B: a laser 
microbeam study. Journal of Cell Science. 104: 1207-1216. 
 
Bowman SK, Neumuller RA, Novatchkova M, Du Q, Knoblich, JA (2016). The 
Drosophila NuMA homolog Mud regulates spindle orientation in asymmetric cell 
division. Dev. Cell. 10, 731–742.  
 
Cheeseman IM, Desai A (2005). A combined approach for the localization and tandem 
affinity purification of protein complexes from metazoans. Sci STKE. 2005, pl1.  
 
Collins ES, Balchand SK, Faraci JL, Wadsworth P, and Lee W-L (2012). Cell cycle- 
regulated cortical dynein/dynactin promotes symmetric cell division by 
differential pole motion in anaphase. Mol Biol Cell. 23:3380-3390.  
 
Collins ES, Mann BJ, Wadsworth P (2014). Eg5 restricts anaphase B spindle elongation 
in mammalian cells. Cytoskeleton. 71: 136-144. 
 
Du q, Macara I (2004). Mammalian pins is a conformational switch that links NuMA to 
heterotrimeric G proteins. Cell. 4: 503-16. 
 
Duellberg C, Trokter M, Jha R, Sen I, Steinmentz MO, Surrey T (2014). Reconstitution 
of a hierarchical +TIP interaction network controlling microtubule end tracking of 
dynein. Nat Cell Biol. 16: 804-811. 
 
Grill SW, Gonczy P, Stelzer EH, Hyman AA (2001). Polarity controls forces governing 
asymmetric spindle positioning in the Caenorhabditis elegans embryo. Nature. 
409, 630–633.  
 
Grill SW, Howard J, Schaffer E, Stelzer E, Hyman A (2003). The distribution of active 
force generators controls mitotic spindle position. Science. 301: 518-521. 
 
Hu C, Coughlin M, Field C, Mitchison T (2011). Kif4 regulates midzone length during 
cytokinesis. Current Biology. 21: 815-824. 
 
King RW, Deshaies RJ, Peters JM, Kirschner MW (1996) How proteolysis drives the cell 
cycle. Science. 274: 1652–1659 
 
King, S.J., M. Bonilla, M.E. Rodgers, and T.A. Schroer (2002). Subunit organization in 
cytoplasmic dynein subcomplexes. Protein Sci. 11:1239–1250. 
 
King SJ, Brown CL, Maier KC, Quintyne NJ, Schroer TA (2003). Analysis of the 
dynein-dynactin interaction in vitro and in vivo. Mol Biol Cell. (12):5089-97. 
 
 55 
Kiyomitsu T, Cheeseman I (2012). Chromosome and spindle pole-derived signals 
generate an intrinsic code for spindle position and orientation. Nat Cell Biol. 14: 
311-317. 
 
Kiyomitsu T, Cheeseman IM (2013). Cortical dynein and asymmetric membrane 
elongation coordinately position the spindle in anaphase. Cell. 154:391–402. 
 
Kotak S, Busso C, Gonczy P (2012). Cortical dynein is critical for proper spindle 
positioning in humans. Journal of Cell Biology. 199: 97-110. 
 
Kotak S, Busso C, Gönczy P (2013). NuMA phosphorylation by CDK1 couples mitotic 
progression with cortical dynein function. EMBO J. 32:2517–2529 
 
Kotak S, Busso C, Gonczy P (2014). NuMA interacts with phosphoinositides and links 
the mitotic spindle with the plasma membrane. The EMBO Journal. 33: 1815-
1830. 
 
Kronebusch PJ, Borisy G (1982). Mechanisms of anaphase B movement. Biological 
Functions of Microtubules and Related Structures. 233-245.  
 
Laan L, Pavin N, Husson J, et al. (2012). Cortical dynein controls microtubule dynamics 
to generate pulling forces that reliably position microtubule asters. Cell. 148: 502-
514.  
 
Lee, WL, Oberle JR, and Cooper JA (2003). The role of the lissencephaly protein Pac1 
during nuclear migration in budding yeast. J. Cell Biol. 160:355–364. 
 
Lee WL, Kaiser MA, Cooper JA (2005). The offloading model for dynein function: 
differential function of motor subunits. J Cell Biol. 168(2):201–7. 
 
Markus SM, Lee WL (2011) Regulated offloading of cytoplasmic dynein from 
microtubule plus ends to the cortex. Dev Cell. 20:639–51. 
 
Mitchison T, and Kirschner M (1984). Dynamic instability of microtubule growth. 
Nature. 312: 237-242.  
 
Neef R, Preisinger C, Sutcliffe J, Kopajtich R, Nigg EA, Mayer TU, Barr FA (2003). 
Phoshphorylation of mitotic kinesin-like protein 2 by polo-like kinase 1 is 
required for cytokinesis. Journal of Cell Biology. 162: 863-876. 
 
Poser I et al. (2008). BAC TransgeneOmics: a high-throughput method for exploration of 
protein function in mammals. Nat Methods. 5, 409–415.  
 
Raaijmakers JA, Tanenbaum ME, Medema RH (2013). Systematic dissection of dynein 
regulators in mitosis. J Cell Biol. 201: 201 – 215  
 
 56 
Siller KH, Cabernard C, Doe CQ (2006). The NuMA- related Mud protein binds Pins and 
regulates spindle orientation in Drosophila neuroblasts. Nature Cell Biol. 8, 594–
600.  
 
Siller KH, Doe CQ (2008). Lis1/dynactin regulates metaphase spindle orientation in 
Drosophila neuroblasts. Dev Biol. 319, 1–9.  
 
Siller KH, Doe CQ (2009). Spindle orientation during asymmetric cell division. Nat Cell 
Biol. 11, 365–374.  
 
Srinivasan DG, Fisk RM, Xu H, van den Heuvel S (2003). A complex of LIN-5 and GPR 
proteins regulates G protein signaling and spindle function in C. elegans. Genes 
Dev. 17; 1225–1239.  
 
Tame M.A, Raaijmakers JA, van den Broek B, Lindqvist A, Jalink K, Medema RH 
(2014). Astral microtubules control redistribution of dynein at the cell cortex to 
facilitate spindle positioning. Cell Cycle. 13: 1162-70. 
 
Théry M, Racine V, Pepin A, Piel M, Chen Y, Sibarita JB, Bornens M (2005). The 
extracellular matrix guides the orientation of the cell division axis. Nat Cell Biol. 
7:947–953. 
 
Tolić-Nørrelykke IM, Sacconi L, Thon G, Pavone FS (2004). Positioning and elongation 
of the fission yeast spindle by microtubule-based pushing. Current Biology. 14: 
1181-6. 
 
Water J, Cole R, Rider C (1993). The force-producing mechanism for centrosome 
separation during spindle formation of vertebrates is intrinsic to each aster. The 
Journal of Cell Biology.  122: 361-372.  
 
Zheng Z, Qingwen W, Liu J, Zhu H, Chu X, Du Q (2013). Evidence for dynein and astral 
microtubule-mediated cortical release and transport of Gαi/LGN/NuMA complex 
in mitotic cells. Molecular Biology of the Cell. 24: 901-913. 
 
Zheng Z, Wan Q, Meixiong G, Du Q (2014). Cell cycle-regulated membrane binding of 
NuMA contributes to efficient anaphase chromosome separation. Mol Biol Cell. 
25:606–619. 
 
 
 
 
 
 
 
 
 
